In the present study, the morphology and biometry of the spermatophores of the western Atlantic hermit crab Clibanarius sclopetarius (Herbst, 1796) are described, and the results are placed in the context of the Paguroidea, in particular the Diogenidae. Individuals of C. sclopetarius were sampled from a human-impacted mangrove area of southern Brazil. The male reproductive system was removed, measured and analyzed using stereoscopic, light, transmission-electron and scanning-electron microscopy. This system is composed of lobular testes connected to the vas deferens, and gonopores with membranous coverage. The mature spermatophore consists of a spherical pack that stores sperm. These cells consist of a spherical acrosomal vesicle, an amorphous cytoplasm and a distal nucleus. The results revealed that the gonopores, testis and vas deferens have the expected characteristics of the family Diogenidae, while the non-tripartite morphology of the spermatophores and the sperm follow the patterns found only in the genus Clibanarius, and the presence of the dense perforatorial ring is, to date, unique in the species of the genus, being a possible apomorphic characteristic.
INTRODUCTION
In order to understand crustacean life cycles in different habitats, it is important to have knowledge of the factors involved in their reproduction (Sastry 1983 ). Among decapod crustaceans, a better understanding of the relationship between female reproductive aspects and those related to male reproductive biology are necessary to complete our knowledge of the evolution of reproductive systems and the behavioral and morphological differences between the sexes (Subramoniam 1982a, Tudge 1991 , Scelzo et al. 2004 , Tirelli et al. 2006 , Asakura 2009 ).
In general, the male reproductive system in decapods consists of a pair of testes and the vasa deferentia ending in openings in the coxae of the fifth pair of pereopods (gonopores). The testes and the vasa deferentia are located in the cephalothorax, with the exception of hermit crabs, which have their reproductive system allocated in the pleon, in a dorsal or lateral position (McLaughlin 1983) .
The testes are responsible for producing sperm, which are packaged in spermatophores and brought to the gonopores along the vas deferens to be transferred to females (Subramoniam 1995 , Hess & Bauer 2002 . The spermatophores of decapods exhibit a wide morphological diversity, with characteristics particular to members of different groups (Subramoniam 1993) and are separated into 3 general types: spherical and small spermatophores, produced by Brachyura; tubular, produced by most Macrura; and pedunculate, produced by Anomura (see Krol et al. 1992 and Tudge 2009 for reviews).
Decapod sperm also shows a great structural and morphological diversity (Subramoniam 1982b , Felgenhauer & Abele 1991 , Tudge 2009 ). The cells consist of an acrosomal vesicle with multiple layers, a posterior nucleus of variable density, intermediate cytoplasm and a variable number of arms. Among the Anomura, the acrosomal vesicle can be oblong (Jamieson 1991) or spherical (Tudge 1992 , Tudge & Scheltinga 2002 in shape and is covered by a spherical or conical operculum. Moreover, the anterior region of the cytoplasm or of the nucleus bears 3 arms that contain microtubules (Jamieson 1991) .
The association of the sperm characteristics with other reproductive components (testes, vasa deferentia, and spermatophores) is important to better understand the process of fertilization (Sastry 1983 , Uma & Subramoniam 1984 , Amadio & Mantelatto 2009 ). In addition, the great diversity found in the morphologies of the sperm and of the spermatophore, with characteristics that are particular to members of different groups, make these structures taxonomically specific (Tudge 1991 , Subramoniam 1993 ; thus, together with other taxonomic criteria, they can also be used to elucidate taxonomic and phylogenetic questions (Scelzo et al. 2004 , Mantelatto et al. 2009 , Tudge 2009 ).
In the superfamily Paguroidea, which contains the hermit crabs, the spermatophores are complex and tripartite structures, consisting of an ampulla, a stalk, and a pedestal (Tudge 1991 , Krol et al. 1992 , Subramoniam 1993 , Scelzo et al. 2004 , Tirelli et al. 2007 , Mantelatto et al. 2009 ). Tripartite spermatophores with a small and spherical ampulla and a long and thin stalk have been de scribed only for diogenid members (Tudge 1991) , but exceptions in this division have been observed in some species of the genus Clibanarius, where the stalk and the pedestal are absent (Uma & Subramoniam 1984 , Hess & Bauer 2002 .
The family Diogenidae consists of 20 genera (McLaughlin et al. 2007 (McLaughlin et al. , 2010 , and to date most of the species have not had their male reproductive aspects studied. In connection with the genus Clibanarius (see references in the 'Discussion'), the male reproductive systems of only 6 genera have been described in detail: Calcinus (Tirelli et al. 2006 , Amadio & Mantelatto 2009 ), Dardanus (Matthews 1953) , Diogenes (Tudge 1991) , Isocheles (Mantelatto et al. 2009 ), Loxopagurus (Scelzo et al. 2004) , and Strigopagurus (Tudge 1996) .
Clibanarius sclopetarius (Herbst, 1796) is an intertidal hermit crab that lives on sand, mudflats and rocky substrates of beaches and mangroves, from shallow waters to a depth of 50 m in tropical and subtropical areas. It is found along the Atlantic coast of the Americas -Florida, Antilles, Venezuela and Guyana -and along the Brazilian coast, from Piauí to Santa Catarina (Melo 1999, F. L. Mantelatto pers. obs.) . Some aspects of its biology are known from studies on larval (Brossi-Garcia 1987a) and juvenile morphology (Brossi-Garcia 1987b), growth and population biology (Turra & Leite 2000) , fecundity (Turra & Leite 2001) , selection of shells (Turra 2003) , intersexuality (Turra 2004) , inter-specific competition (Turra & Denadai 2004) , and reproductive behavior (Turra 2005) .
The present work was aimed to morphologically characterize the male reproductive system of Clibanari us sclopetarius. The morphological patterns found here were studied in context with those already described for other species of the genus, in order to provide a better understanding of the reproductive aspects of this species.
MATERIALS AND METHODS
Study area. The specimens of Clibanarius sclope tarius were collected in the Araçá region (23°48' 78.1" S, 45°24' 46.9" W), on the northern coast of São Paulo (Brazil). This region contains a remnant mangrove area, with halophyte vegetation that acts as a protective barrier and substrate for mollusks, crustaceans, and larvae of other organisms (Schaeffer-Novelli 1990). However, human action has modified the Araçá and reduced the numbers of mangrove trees in this area (Vergamini & Mantelatto 2008) .
Sampling and analysis. Adult males were collected throughout the intertidal region along the mud substrate of the remnant mangrove area. Live crabs were transported to the laboratory for analysis, where procedures followed the protocols by Scelzo et al. (2004 Scelzo et al. ( , 2010 , Amadio & Mantelatto (2009) , and Mantelatto et al. (2009) . We selected males to cover the widest possible range of sizes.
After anesthesia by chilling, the hermit crabs were removed from their shells and measured for weight, shield length (SL) and the diameter of the gonopores. The male reproductive system was dissected from fresh specimens and was obtained by dorsally cutting the thin cuticle of the pleon. The reproductive system was observed fresh; then, it was fixed in 80% alcohol and recorded by drawing and photo graphs, after the vasa deferentia closest to the gonopores had been removed. The vasa deferentia were dissected, allowing observation of the spermatophores.
From the distal portion of the vas deferens of 32 hermit crabs, 10 spermatophores were measured under light microscopy. The dimensions measured were: the spermatophore's total height (TH), its average height (AH), its total width (TW) and its lateral base width (BW) (Fig. 1) .
The measurements were analyzed statistically according to Zar (1996) in the program Sigma Stat Windows, v. 2.03, using α = 0.05. Pearson's correlation was performed on spermatophore biometrics, shield length, wet weight and gonopore diameter. Mann-Whitney tests and Student's t-tests were used to check for possible differences in values of gonopore diameters.
In addition to light microscopy analysis, the gonopores and spermatophores were processed for scanning electron microscopy (SEM), and the sperm was examined by transmission electron microscopy (TEM). Samples were fixed in 3% glutaraldehyde for 2 h, followed by buffer phosphate immersion and 2 h fixation in 1 to 2% OsO 4 in buffer solution, with subsequent dehydration by an increasing ethanol series: 50, 70, 80, 95, and 100%, for 15 min each.
SEM samples were critical-point dried using fluid CO 2 . They were then placed on stubs, sputter-coated with gold (Bal-tec Sputter Coater SCD050), and viewed and photographed in a scanning electron microscope (Zeiss EVO50) interfaced with a computer. TEM samples were infiltrated and embedded in Epon-Araldite resin, and thin sections were cut with an ultramicrotome and then transferred to small copper grids. These were contrasted with lead citrate and uranyl acetate, and photographed with a transmission electron microscope JEOL 100CX.
Voucher specimens were deposited in the Crustacean Collection of the Biology Department (CCDB) of the Faculty of Philosophy, Sciences, and Letters of Ribeirão Preto (FFCLRP), University of São Paulo, Brazil (Access Numbers: 2701 and 2702).
RESULTS
Clibanarius sclopetarius males (n = 32) presented a reproductive system composed of a pair of testes connected by the vasa deferentia to the gonopores, located in the coxae of the fifth pair of pereo pods. The SLs measured ranged from 10.50 to 26.35 mm, with a mean of 16.46 ± 3.79 mm, and the wet weights ranged from 1.37 to 17.97 g, with a mean of 5.17 ± 3.92 g. These variables showed positive correlation (r = 0.917; p < 0.05).
Gonopores and reproductive apparatus
The gonopores are circular openings covered by a cuticular flap and surrounded by a few groups of simple setae ( Fig. 2A ). The testes are extended, white, and lobular ( Fig. 2B ). They are located in the central region of the pleon, in a dorsal position to the hepatopancreas, where they are juxtaposed and united. The connection to the vas deferens by collecting ducts is located in the posterior portion of each gonad. The correlation between the mean diameter of the right (RG) and left (LG) gonopores and SL was positive (LG: r = 0.84; RG: r = 0.81; p < 0.05). These were considered circular openings because there was no significant difference be tween the measurements of the 2 diameters of each gonopore (LG: t = -0.882; RG: t = 947.5; p > 0.05).
The vasa deferentia are white, cylindrical tubes. Observations of the external morphology allowed differentiation of the vas deferens into 3 regions: proximal, intermediate, and distal (Fig. 2B ). The proximal region is convolute, has a diameter smaller than the other regions, and is connected to the testes. The intermediate region is coiled and more convolute than the anterior portion. The distal region does not present coils or convolutions, is the same diameter as the intermediate region, and is located in the anterior portion of the pleon, being connected to the gonopore.
Spermatophore
The spermatophore of Clibanarius sclopetarius removed from the distal portion of the vasa deferentia consists of an ampulla that packs several spermatozoa. This structure has a spherical shape in its apical portion and is lightly flattened dorso-ventrally ( Fig. 3A,B) . In its basal portion, each spermatophore has a central invagination and lateral projections. These projections join the ampullae, forming a spermatophore cord along the vas deferens (Fig. 4A ). This cord is wrapped by mucous seminal fluid and presents convolutions into the vas deferens, starting from the intermediate region. A suture line is localized in the apical axis of each spermatophore, extending laterally on the projections (Fig. 4B ). This line is formed by the walls of the spermatophore from the union of the halves of the ampulla, and its opening permits the liberation of the sperm (Fig. 4C ). The correlation between the size of the spermatophores and SL was positive TH: r = 0.479;
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TH AH BW 50 µm AH: r = 0.452; TW: r = 0.544; BW: r = 0.646; p < 0.05) (Fig. 5) .
The spermatophores show different stages of development along the vasa deferentia, beginning in the proximal portion and reaching the mature shape in the distal portion, close to the gonopores. In the proximal region, the spermatophores are molded and form a long tube where sperm appear continuously (Fig. 6A ). In the intermediate portion, the spermatophores are small folds, where the sperm are separated into masses (Fig. 6B ). In the distal portion, the spermatophores are morphologically mature, as described.
Among the individuals collected, 3 specimens were characterized as intersex individuals. These had gonopores in the coxae of the fifth pair of pereopods and 1 or 2 gonopores in the third pair of pereopods. Their dissection revealed the internal anatomy of the pleon to be similar to a male's, with a male reproductive apparatus (testes and vasa deferentia), spermatophores, and sperm.
Spermatozoon
Observations of the sperm by TEM revealed the presence of an acrosomal vesicle above the apical axis, a posterior nucleus, and an intermediate region of cytoplasm (Fig. 7A) . The acrosomal vesicle is spherical and has zones of different electron densities. The cytoplasm is amorphous and adjacent to the acrosomal vesicle; the nucleus is also amorphous.
The operculum, a thin layer of conical shape with a high electron density, is located in the most anterior portion of the acrosomal vesicle. It is followed by the subopercular zone, which extends to the central portion of the acrosomal vesicle. Adjacent are the inner (Fig. 7C ). In the bulb, the fibers are short projections that extend to the center (Fig. 7B ). In the posterior portion of acrosomal vesicle, an electrondense zone surrounds the bulb; this zone is the perforatorial ring (Fig. 7B) . The cytoplasm contains spherical vesicles, but the limitation of the nucleus is not visible. However, it is probably located where the microtubules support the 3 arms of the cell (Fig. 7D) .
DISCUSSION
Together with the present results for Clibanarius sclopetarius, the sperma to phore morphology of diogenid hermit crabs has now been described for 10 genera and 24 species (see Mantelatto et al. 2009 for a review). The present study provides a second de scrip tion of sper matophore morphology and morpho metry for hermit crabs of the genus Clibanarius from the Atlantic coast.
Clibanarius sclopetarius does not have a modified copulatory structure in its gonopores or pleopods, such (Tudge & Le maitre 2004) . The cuticular flap that covers the genital openings was the only structure observed and may function to protect the spermatophores from the external environment, since the intertidal area is subject to instability and physical stress. During low tide, hermit crabs are susceptible to factors pertaining to the aerial environment, such as desiccation (Grant & McDonald 1979) . This cuticular flap has also been observed in other intertidal diogenids, such as Calcinus tibicen (Amadio & Mantelatto 2009 ), Clibanarius erythropus (Tirelli et al. 2007 ), and C. vitattus (Hess & Bauer 2002) .
Each genital opening is connected to its respective testis through a vas deferens, a long tube with folds and convolutions. This appears to be common in the family Diogenidae and has been observed in other genera as well (Amadio & Mantelatto 2009 ). The 3 distinct regions (proximal, intermediary, and distal) found in the tubes are associated with external observation, and with the different phases of the spermatophores' development.
Further regions of the vas deferens can be differentiated by using techniques that allow the identification of the organ's different functional regions (Matthews 1953) . These are characterized by distinct epithelial cells, the function of which could be, for instance, the secretion of seminal liquid (Subramoniam 1995) . The characterization of these regions is associated with the spermatophore's development. According to Krol et al. (1992) , the regional differences in the vas deferens may be related to the type of spermatophore produced by the species, as those resulted from secretor-type cells and contractions of the muscles adjacent to the vas deferens (Matthews 1953) .
In the case of Clibanarius sclopetarius, the lack of stalk and foot in the spermatophore could be related to the lack of cells that secrete material for the formation of these parts. This characteristic is possibly related to the mechanism of spermatophore transfer from males to females and to the environment in which they live (Uma & Subramoniam 1984) . However, only histological analyses would be able to show the epithelial cells of the vasa deferentia and their secretion.
The morphological pattern of the spermatophore in Clibanarius sclopetarius described above differs from that of other Diogenidae because most of the diogenid genera have spermatophores with ampullae, stalks, and feet. The non-pedunculate spermatophore is a characteristic of the infraorder Brachyura and of other Decapoda families, while, in the superfamily Pagu roidea (Anomura), spermatophores present a more complex structure, being tripartite (Krol et al. 1992) . However, in the genus Clibanarius, in spite of the nontripartite spermatophore, the shape of the ampulla follows the morphology of the ampullae de scribed for Dio-genidae (see Tudge 1991 , Tirelli et al. 2007 ). Therefore, it can be speculated that the lack of a stalk in some species of Clibanarius is a secondary loss in the genus. Future studies of the spermatophores of this family could reveal new patterns for Clibanarius and other genera that still remain poorly studied with respect to male reproductive characteristics, and may be important in order to conduct a more robust discussion of the evolutionary history of the genus Clibanarius and the family Diogenidae, using these reproductive aspects.
The non-tripartite pattern has also been noted for the species Clibanarius longitarsus (De Haan, 1849) (Uma & Subramoniam 1984) and C. vitattus (Hess & Bauer 2002) . This characteristic set C. sclopetarius in a closer phylogenetic relationship with these 2 species than with others that have pedunculate spermatophores, such as C. erythropus (Latreille, 1818) (Tirelli et al. 2007) , C. misanthropus (Risso, 1826) (Mouchet 1931), C. vires cens (Krauss, 1843) (Tudge 1991) , and C. corallinus (Milne Edwards, 1848) (Tudge 1991) . Given the additional analyses and studies of the spermatophores of other species, this proposition can be tested. Scelzo et al. (2004) suggested that biometric measurements of spermatophores could, in some cases, be used to distinguish between the species of a family. The biometric analysis of the spermatophores of Clibanarius sclopetarius in the present study showed positive correlation with SL, indicating a directly proportional relation to growth, similar to findings in Lox o pagurus loxochelis (Scelzo et al. 2004) , Calcinus tibicen (Amadio & Mantelatto 2009), and Isocheles sa wa yai (Mantelatto et al. 2009 ). These results suggest that the spermatophore size cannot be used as a character of identification if the values found are directly as sociated with the individual size. Furthermore, the fact that C. sclopetarius sperma tophores are non-pedunculate limits a comparison with species that have a pedunculate spermatophore, since the different morphologies of this structure surely promote differences in biometry. We strongly suggest the establishment of a standard code of measurements in hermit crabs to facilitate comparisons. In addition, and considering that individual body size strongly influences spermatophore size, Fantucci & Mantelatto (2011) suggest that more attention be given to morphology than to size, to avoid possible errors in comparisons.
Knowledge on the biology of intersex individuals is very limited (Gusev & Sabotin 2007) , with most studies only reporting their rare occurrence. The lack of information on spermatophore morphology has been discussed by Mantelatto et al. (2009) . The present study is the first examination of spermatophore structure in intersex individuals. Despite the presence of female and male gonopores in intersex individuals of Clibanarius sclopetarius, the morphology of the reproductive apparatus and the spermatophores allows us to conclude that these individuals, in the present morphotype, are functional males. This observation is corroborated by their reproductive behavior -including successful fertilization -which, according to Turra (2005) , is compatible with that of normal males. An analogous condition was proposed for intersex individuals of the diogenid Isocheles sawayai by Fantucci et al. (2008) . Recently, Sant'Anna et al. (2010) observed that a certain percentage of intersex individuals of the congener C. vitattus also developed functional male and female gonads in the same individual, indicating that intersex hermit crabs can reproduce as either males or females. This can be a true sequential hermaphroditic process.
Intersexuality may be caused by factors related to genetics, to the environment, or to parasitism (Bulnheim 1978) . For Coenobita rugosus (Milne-Edwards, 1837) , it was suggested that additional female openings occurred as a result of endocrine abnormality (Gusev & Sabotin 2007) . For the intersex specimens of Clibanarius sclopetarius collected at Araçá Beach in our study, a possible influence of environmental factors, such as the pollution (Ford et al. 2004) , cannot be disregarded. Similar has been postulated for Clibanarius vitattus by Sant' Anna et al. (2010) . The abovementioned region suffers constant anthro po genic degradation through sewage discharge and petroliferous ducts (Tominaga et al. 2006) . Thus, it is imperative to conduct more studies on the factors involved in the development of the genital opening in intersex individuals in order to better understand this mechanism.
Our observations of the sperm of Clibanarius sclo peta rius fit the patterns that have already been described for the infraorder Anomura, i.e. the presence of 3 arms and a spherical acrosome vesicle with conical electrondense operculum projected to the cytoplasm (Jamieson 1991) . On the other hand, the presence of the dense perforatorial ring is, up to now, a unique characteristic for the species of this genus, which is possibly an apomorphic characteristic, and could allow differentiation of the genus Clibanarius from other species (see Tudge 1997) . Consequently, it is expected to play an important role in future studies of the phylogenetic relationships in the family Diogenidae. The shape of the perforatorial chamber and the extension of the cytoplasm, as described here for the sperm of C. sclopetarius, are also considered by Tudge (1992) to be characteristics that distinguish the genus Clibanarius.
Among the congener species with described spermatozoa, only Clibanarius erythropus (Tudge & Justine 1994) does not have a spherical, acrosomal vesicle, which makes this species unique. In other congener species, distinctions can be made more reliably by determination of the origin of the arms, the components of the cytoplasm, and the shape of the operculum (Tudge 1992 (Tudge , 2009 ).
The present study confirms that the reproductive system of Clibanarius sclopetarius, composed of paired testes and vasa deferentia, has characteristics expected in the superfamily Paguroidea. The sperma tophores and sperm, however, have morphological characteristics found only in the genus Clibanarius. However, this is a rather large genus with 59 species worldwide , McLaughlin et al. 2010 , so the available knowledge concerning the morpho logy of the spermatophore in only 8 species (including the present work) may not represent its complete diversity; thus, future studies are encouraged to improve our understanding of the phylogeny and evolution of members of the diverse Diogenidae family.
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